I. INTRODUCTION
For the next-generation electronics and circuits, organic field-effect transistors ͑OFETs͒ are the key elements because of their extraordinary advantages, such as low cost, largearea coverage, mechanical flexibility, and low-temperature fabrications. The performance of OFETs has already reached the level of hydrogenated amorphous silicon, which has been widely adopted in numerous practical applications. 1 The development of organic complementary technology demands the coexistence of both p-and n-type transistors to achieve efficient operational stability. For example, the inverter, which is usually a basic building block of organic integrated circuits, consists of p-and n-channel transistors. It is one of the most important and basic elements for the complex integrated circuits. In order to simplify the fabrication process, ambipolar OFETs employing a double-layer scheme and bulk-heterojunction configuration have been utilized to achieve complementarylike inverters. [2] [3] [4] [5] However, the feasibility of such devices demands an additional deposition step and some critical fabrication conditions. 6, 7 An additional drawback observed in those ambipolar systems is that the organic semiconductors utilized as the active channel layers exhibited poor crystallinity while stacking or blending them together. Perhaps, it will be more advantageous if the ambipolar conduction could be achieved without any stacking or bilayer scheme during the deposition of active layer. Thus, ambipolar FETs with sole organic semiconductor layer have to be addressed for ease of circuit design and simplification of the fabrication process and are able to operate both in the first and third quadrants. 8, 9 The unipolar transport is usually observed in organic semiconductors and thus most of the reports demonstrated that organic transistors typically operate as either p-or n-channel devices. 10, 11 For instance, n-type transport characteristics have been recently revealed in the pentacene OFETs; however, this observation was achieved at the cost of p-type conduction. [12] [13] [14] Moreover, Ahles et al. 15 utilized the interface-doped method to reduce the electron traps at interface and thus to form the n-channel FETs. Besides, Chua et al. 16 also demonstrated the n-channel OFET operation with various p-type conjugated polymers by using a hydroxyl-free gate dielectric. One of the reasons for such a unipolar transport in these devices is mainly due to the energy mismatch between the molecular orbital of semiconductor and the work function of metal. Hence, there is a demand to find a surface energy match between the gate dielectric and the organic layer, which could possibly result in the ambipolar phenomena. On the other hand, ambipolar transport characteristics have been recently demonstrated in an organic heterostructure by utilizing asymmetric source and drain electrodes. 17 An alternative approach to achieve such a phenomenon is to utilize a low bandgap or high electron affinity organic semiconductors. 18, 19 
II. EXPERIMENTAL DETAILS
The heavily doped p-type silicon ͑p + -Si͒ wafer and a 300 nm thermally oxidized SiO 2 film were used as the gate and dielectric of the ambipolar transistors, respectively. The substrates were cut to 2 ϫ 2 cm 2 in size through mechanical scribing. Prior to the deposition, the substrates were cleaned by acetone and isopropanol in an ultrasonic bath followed by UV-ozone cleaning for 15 min. The crucial interfacialmodifying layer was prepared by spin-coating a solution of PMMA ͑2 wt %͒ in tetrahydrofuran at 1000 rpm and with a thickness of 150 nm. The PMMA-coated substrates were baked at 70°C for 30 min to remove the residual solvent. Then, the wafers were quickly transferred to a vacuum chamber for the deposition of the active layer. The semiconductor layer, consisting of a 50 nm thick pentacene layer, was then deposited at a growth rate of 0.2 Å / s, a substrate temperature of 60°C, and a base pressure of 6 ϫ 10 −6 torr. Pentacene was used without further purification from SigmaAldrich. Finally, the 50 nm thick aluminum film was thermally evaporated onto the pentacene film through a shadow mask to form the S / D electrodes. In addition, Au, Ag, and Ca were also investigated as alternatives to the Al as S / D contacts. A schematic cross section of the top-contact OFETs is presented in Fig. 1͑a͒ . The length and width of the channel were 100 m and 2 mm, respectively. The electrical measurements of the devices were performed at room temperature in a nitrogen environment inside a glovebox by using HP 4156C and Keithley 4200 semiconductor parameter analyzers. The capacitance-voltage ͑C-V͒ measurement was performed by an Agilent E4980A precision LCR meter.
III. RESULTS AND DISCUSSION
In the operation of ambipolar FETs, charge carrier transport strongly depends on two factors: ͑1͒ semiconductor/ dielectric interface, where the charge transport takes place in the semiconductor layer, and ͑2͒ metal/semiconductor interface, where the charge injection occurs from the electrode into semiconductor. For the realization of ambipolar pentacene FETs, the devices were first fabricated on the SiO 2 gate dielectric and later on a PMMA-capped SiO 2 ͑PMMA/ SiO 2 ͒ as the dielectric with Al as S / D electrodes. However, the devices fabricated on a SiO 2 dielectric only exhibit a p-type behavior, even at a positive bias of 100 V to the gate and drain electrodes ͑not shown here͒. In contrast, the devices fabricated on a PMMA/ SiO 2 exhibit an ambipolar behavior for a gate voltage V G м ͉40͉ V. The reason for the presence of ambipolar behavior is attributed to the relatively small surface energy on the PMMA-modified SiO 2 gate dielectric as compared to that on the bare SiO 2 surface. Due to this, the enhanced grain growth of pentacene takes place and hence the reduced grain boundary density; the details will be described in the next section. Figure 2 shows the drain-source current ͑I DS ͒ versus drain-source voltage ͑V DS ͒ of pentacene FETs on the PMMA/ SiO 2 dielectric at different gate voltages ͑V G ͒. It is noted that the output characteristics exhibit significant saturation, which behaves quadratically as a function of gate bias. The sharp increase in the drain current at low gate voltages and below the threshold voltage was observed. Such phenomenon was also reported in literature. 20, 21 Figure 3 shows the corresponding plots of ͉I DS ͉ and ͉I DS ͉ 1/2 vs V G . It can be observed that these devices exhibit strong fieldeffect modulations of channel conductance in the ambipolar operation with threshold voltages ͑V T ͒ of −27 and 42 V for p-and n-type operations, respectively. The saturated drain current ͑I DS,sat ͒ is close to 7 ϫ 10 −8 A at V G = 100 V for n-type operation and 5.5ϫ 10 −6 A at V G = −100 V for p-type operation. The field-effect mobilities ͑͒ are extracted from the measured transfer curves by comparing it to the standard transistor's current-voltage equation in the saturation regime as follows:
where W and L are the width and length of the channel, respectively, and C i is the gate dielectric capacitance. values for hole and electron are estimated as 0.026 and 0.0023 cm 2 / V s, respectively. To observe the charge accumulation capability, we measured the C-V characteristics of metal-insulatorsemiconductor ͑MIS͒ devices for the pentacene on SiO 2 and PMMA/ SiO 2 insulators at 5 kHz, which is displayed in Fig.  4 . The inset of Fig. 4 shows the scheme of MIS devices. In the case of PMMA/ SiO 2 , it can be observed that the capacitance increases with increasing ͉V G ͉. It implies that sufficient holes and electrons can be accumulated at the interface to reveal the ambipolar transport in the pentacene on PMMA/ SiO 2 . However, the devices with SiO 2 show the hole accumulation and indistinct electron accumulation. Therefore, the insufficient electron accumulation accounts for unipolar carrier transport in pentacene on SiO 2 . These results show the presence of serious electron traps at semiconductors/SiO 2 interface, which is in agreement with the observations by Chua et al. 16 It has been suggested that the electron trapping hydroxyl groups will attenuate the n-type behavior in various conjugated polymers and thus the organic FETs. These electron trap states will prevent the Fermi level from shifting within the semiconductor band gap as the gate potential is changed. In the case of n-type devices, the resistance to the Fermi-level shift will result in a potential barrier for charge transport. Hence, the use of hydroxyl-free polymer, PMMA, as the dielectric can reduce the electron traps and reveal the n-type conduction.
In order to further understand the existence of the ambipolar behavior, the structural properties and morphology of pentacene thin films were investigated by x-ray diffraction ͑XRD͒ and atomic force microscopy ͑AFM͒. Figure 5 shows the XRD patterns with Cu K␣ radiation for the pentacene thin films grown on SiO 2 and PMMA-modified SiO 2 . The pentacene films grown on PMMA exhibit a conspicuous peak intensity as compared to the pentacene films directly grown on SiO 2 . In addition, the first-order reflection peak of pentacene on PMMA-modified SiO 2 shows only singlecrystal phases ͑00lЈ͒, but the reflection peak of pentacene on SiO 2 shows a mixture of the thin film phase ͑00l͒ and the single-crystal phase. It has been found that the growth of pentacene thin film on PMMA is well favored due to the reduced surface energy of PMMA as compared to that on the bare SiO 2 substrate, which thereby leads to high-quality crystalline peaks. Such a behavior has been reported previously. 22, 23 Hence, the surface energy plays a major role in obtaining high-quality pentacene films. It has been suggested that the match of the surface energy between the PMMA insulator and the pentacene can contribute to polycrystalline pentacene film. 24 The present AFM images support the contention that the pentacene films deposited on PMMA have better crystal quality, which is shown in Fig. 6 . Moreover, the grain size ͑300-1000 nm͒ of pentacene films on PMMA is much larger than that ͑100-500 nm͒ on SiO 2 . It indicates that the insertion of PMMA layer on SiO 2 gate dielectric will favor the substantial grain growth of pentacene. Since the smaller grain sizes on SiO 2 normally result in active trapping sites, free carriers will be captured at the grain boundaries. Due to these charge traps, a potential barrier is formed at the grain boundary, which limits the charge transport between grains. The degree of charged traps can be further demonstrated by extracting the subthreshold swing from the transfer characteristics of OFETs. The subthreshold slope ͑S͒ is defined by the equation 
and the corresponding density of traps ͑N SS ͒ is given by the approximation
where k is Boltzmann's constant, T is the absolute temperature, q is the electron charge, e is a constant and has a value as 2.718 28, and C i is the dielectric capacitance per unit area. 25 The subthreshold slopes of the p-channel devices with SiO 2 and PMMA/ SiO 2 are 1.43 and 0.4 V/decade, respectively. In addition, the corresponding trap densities are 1.11 ϫ 10 12 and 2.85ϫ 10 11 cm −2 , respectively. Moreover, the C-V measurements show a larger capacitance for the pentacene on PMMA in the reserve bias. The consistency of these results strengthens the argument as to the reduction of charge traps.
The influence of the interface between semiconductor and metal for the pentacene FETs can be ascertained by varying the S / D electrodes. In this case, three different metal electrodes, Ag, Au, and Ca, are used as the S / D contacts to vary the barrier height for hole and electron injection into the pentacene layer. Energy band diagrams of pentacene and the work function of different metals are shown in Fig. 1͑b͒ . All of these devices show ambipolar characteristics as well. Figures 7͑a͒ and 7͑b͒ show the transfer characteristics for different metals as the S / D electrodes. The devices with Au as electrodes show the enhancement of p-type behavior, but poor n-type behavior. Since the work function of Au is 5.1 eV, which is very close to the highest occupied molecular orbital of pentacene, it is much easier for a hole than an electron to inject from the metal electrode into semiconductor. Using Ca as S / D electrodes, the results obtained are vice versa, i.e., the enhancement of n-type behavior but poor p-type behavior is observed. Al and Ag metals, when used as S / D electrodes, possess a suitable work function to balance the hole and electron injection into the highest occupied and the lowest unoccupied molecular orbitals of pentacene. Although the charge injection barriers are balanced in both polarities, the increase of potential drop at organic/metal interface will increase the ͉V T ͉ as compared to Au in p-channel operation and Ca in n-channel operation. 26 The summary of ambipolar pentacene FETs with different metals as S / D electrodes is given in Table I . These results demonstrate that the incorporation of the suitable metal in pentacene FETs also plays an important role to reveal the ambipolar characteristics.
We have fabricated a complementarylike inverter by connecting two identical pentacene transistors, which are shown in the inset of Fig. 8 . Due to the unique ambipolar characteristic, the inverter is capable of operating in the first and third quadrants. The typical transfer characteristics of such an inverter are shown in Figs. 8͑a͒ and 8͑b͒ . A sharp inversion is observed in both quadrants. When the supply 
IV. CONCLUSIONS
In this work, the ambipolar pentacene FETs have been demonstrated through interface engineering. Incorporating the PMMA acting as an interfacial-modified layer, ambipolar transport can be observed as a result of the elimination of surface traps. Meanwhile, using a suitable work-function metal electrode can balance the carrier injection of both polarities thereby leading to the ambipolar conduction. Accordingly, the achievement of ambipolar conduction of OFET from a single semiconductor layer can be realized by interface modification. For further enhancing the performance of the devices, the optimization of the quality of interfacialmodified layer and the facilitation of carrier injection from metal electrodes to semiconductor will be promising. 
